STEI ALLICYEC

TME MNe 070«-75i8E

FLBHC PeDCT ARG TUrCer *Cr t™1y JCHECTICA CF R ICIM AUCA s SATIm JIeC 1S 50074GC ' “CQu/ D0F ‘@O0 rie R OLCING ThE 1i™mG *Cr 1o

(EWIAG INITUCTICNS, SEBICAING T131ING CA1d Wu tom

GATPENING ANC MAINTAIAING IRE C4td NELCES. IAC (CADEIING INC v iewinC IRe (CHACHICN Of 1A 1Erm aLICA  52nQ (CMMerts 1aQirCIng This CurOen e31IMate O’ ARy OTA®! 2308t 2* = «
COHBCUON CT RIS ALICA INUILAING SwgGeITIONs 'O/ TECUUNG th Durder *C WashinGICr =epocuarnies Services, Cireiaratz 107 1n10rmation Ooerations anc Reooms, 121'Y ,er ey~
Casis MIgrway. Suite 1204 achingten, vAa 222C2-43C0 anc tc the OMice ~f Management anc Sucqel PICsrwore kecucnion Froject (0704-0183). Washington. OC 2056)

1. AGENCY USE GNLY (Leave blank; 2. REPCRT DATE 3. REPORT TYPE AND

DATES COVEREC

4. TITLE AND SUBTITLE
Optical Amplification and Nonlinear Optical Processes
in Random Scattering Media

6. AUTHOR(S)
Alfano, R. R., Liu, F., Guo, Y., Liu, C. H., Ying, J.
Siddique, M., and Sha, W. L.

S. FUNDING NUMBERS
F49620-96-1-0004
CUNY RF#47361-00-01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Research Foundation
City University of New York
New York, NY 10031

8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Office of Scientific Research
, Bolling Air Force Base
’ Washington, DC 20332

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES
The view, opinions and/or findings contained in this report

Approved for public release; distribution unlimited.

author(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other docum tion,
12a. DISTRIBUTION / AVAILABRITY STATEMENT 12b. DISTRIBUTION CODE

are those of the

13. ABSTRACT (Maximum 200 words)

The objective of the research program was to investigate

of light propagation in active random media for future generation

lasing characteristics in random media. We have published 12 papers
patent applications.

phenomena and optical amplification and lasing in highly scattering active and non-active
random media. The aim of research was to develop a deeper fundamental understanding

imaging techniques and laser devices. Two photon excited fluorescence and second
harmonic generation tomographic imaging of biomedical tissues were demonstrated.
Lasing and optical amplification from dyed active turbid media and biological tissues
were explored. A feedback mechanism from scattering walls was proposed to describe

nonlinear optical

of optical display,

and submitted two

14. SUBJECT TERMS
Light Propagation, Random Media, Tissues, Lasing, Optical
Amplification, Nonlinear Optics, Optical Imaging, Active
Scattering Media

1S. NUMBER OF PAGES

16. PRICE COOt

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFI(ATION 19. SECURITY CLASSIFICATION [ 20. LIMITATION OF ABSTRA(T
OF REPORT OF ABSTRACT i
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-280-5500

Standard Form 298 (Rev 2-39)
Preswcrioeg Dy ANV Stg (39-°8
198-102




Final Progress Report
Period covered: 15 Nov. 95 - 14 Nov. 99

Title: Optical Amplification and Nonlinear Optical Processes in Random
Scattering Media

AFOSR: Grant #: F49620-96-1-0004
CUNY-RF#:47361-00-01 (447361)

Date: April 20, 2000

PI: Professor R.R. Alfano
Department of Physics
City College of CUNY, New York, NY 10031
alfano{@scisun.sci.ccny.cuny.edu
Tel.: 212-650-5531, FAX: 212 650-5530

Abstract

The objective of the research program was to investigate nonlinear optical
phenomena and optical amplification and lasing in highly scattering active and non-active
random media. The aim of research was to develop a deeper fundamental understanding
of light propagation in active random media for future generation of optical display,
imaging techniques and laser devices. Two photon excited fluorescence and second
harmonic generation tomographic imaging of biomedical tissues were demonstrated.
Lasing and optical amplification from dyed active turbid media and biological tissues
were explored. A feedback mechanism from scattering walls was proposed to describe
lasing characteristics in random media.
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1. Objective:

The objective of this research program is to investigate nonlinear optical
phenomena, optical amplification and lasing in highly scattering. active and non-active
disordered media.

2. Summary of Research Results:

During the grant period, we have made significant progress in understanding the
nonlinear optical processes, lasing and optical amplification, and nonlinear optical
imaging in random media.

The following highlights our scientific accomplishments achieved during three
and half years.
2a. Nonlinear Optical Processes and imaging in turbid media

Optical imaging is emerging as a novel and noninvasive in situ method for
characterization and visualization of structures of biomedical tissues. Imaging techniques
based on nonlinear optical (NLO) processes offer certain advantages in various medical
imaging applications. Nonlinear optical techniques provide a higher spatial resolution
that results from higher-power dependence of NLO signal (e.g. quadratic for a two-
photon process and cubic for a three photon process) on the excitation intensity. NLO
signal predominantly originates from around the focal point while linear optical signal
arises from the entire illuminated region. NLO processes in random media are new.
Optical sectioning is achieved in NLO techniques without using a confocal pinhole to
yield the structural details inside biological tissues. Near-infrared light in the therapeutic
window of 700-1300nm was used for a two-photon (TP) process, whereas a one-photon
process would require the use of 350-650 nm light for exciting the same transitions. Since
NIR light is much less scattered and absorbed by tissue constituents than the visible light,
deeper penetration into the tissue may be attained. Transitions are not accessible to a one-
photon (P) process may be excited by a NLO process, such as TP absorption. The
dependence of NLO signal on coherence, polarization, wavelength and intensity of
exciting radiation as well as on the site symmetry of the sample provides additional
information to better characterize tissue over linear approaches.

We studied harmonic generation (second harmonics and third harmonic
generations) and two photon excited fluorescence generated in biological tissues by
ultrashort laser pulses. NLO signal intensity and spectroscopic signature are found to
correlate with tissues type. [see publication #7, and #8] This finding provided
fundamentals for non-invasive imaging of tissues using NLO signals. Different
components of tissues can be highlighted by detecting different NLO signal.

We imaged tryptophan distribution in high scattering native biological tissues by
selectively excite (625 nm pump) and detect tluorescence from tryptophan molecules
(320 to 260 nm).[see publication #5 and #4] 100 fs light pulses from a colliding-pulse
mode locked dye laser were used. A two-dimensional map of the tryptophan distribution
in a chicken-tissue sample was obtained by scanning the laser beam over the tissue
surface and accumulating the fluorescence signal point-by-point with a photo multiplier
tube and a lock-in amplifier system. Images of a tissue at an axial position up to 250pum
from the surface were recorded with a lateral resolution of ~ 10 pm.




Second harmonic (SHG) signal was used to image subsurface structure of chicken
tissues. Different layer structures are highlight in SHG images.[see publication #6 and #4]
SHG imaging was used to evaluate the subsurface tumor progression in control, dysplasia
and cancerous of DMBA treated hamster cheek pouch mucosa tissues using femtosecond
laser technology. Two dimension images of hamster cheek pouch mucosa were obtained
by scanning the second harmonic signal at various lateral and axial positions. The spatial
mapping of the second harmonic signal showed depth differentiation between normal,
dysplasia, and a more advance cancerous states.[see publication #2}

Scattering is a significant factor for imaging biological tissues using NLO
technique. We have studied the spatial distribution of TPF beneath the surface of random
scattering media. It is found that scatter in the medium affects the NLO signal. When
scattering is strong, NLO generated near the sample surface is found to be at the same
level as the NLO signal produced at focal region. Scattering degrades the spatial
resolution of the NLO signal, which limits the imaging depth to a few scattering lengths.
A theoretical ‘'model was developed to qualitatively explain the experimental
observations. [see publication #1 and #3]

NLO imaging technique is wavelength selective, morphology dependent, and
molecule specific. This method offers potential for a less invasive method by giving the
analysis of certain molecules in tissue structures. This nonlinear optical method offers a -
novel and new in situ histological tool for the medical community. The NLO imaging
technique can also be applied in other field like semiconductor chip inspection, and non-
destructive corrosion detection.
2b. Amplification and laser action in active random media and biological tissues.

Scattering in active medium provides a feedback mechanism for stimulated
emissions. Compared to nonscattering active media, the lasing threshold is decreased
when scattering strength of the media is increased.

Laser action of Sulforhodamine 640 and Rhodamine 640 perchlorate in scattering
media consisting of different types (R100, R900, and R960 for TiO,) and concentrations
(5.0x10° to 1.0x10" cm™) of titanium dioxide particles in methanol was investigated in
the spectral and temporal measurements pumped by a 3 ns at 530 nm laser pulse. The
lasing threshold energy with particles is dependent on the concentration of both laser dye
and density of coated and uncoated particles. The threshold was found to be reduced by
over one to two orders of magnitude, The bandwidth of emission and the temporal width
of the emission pulse were dramatically narrowed. The bandwidth of emission spectra
depended on the particle densities; the optimum density of particle was found to be about
5.0x10" cm ™.

Emission characteristics from Rhodamine 640 perchlorate samples were found to
have two lasing bands. The dominating lasing band was found to switch from 650 nm to
620 nm band when the particle density is above 10" cm™.[see publication #10]

We explored the mechanism for lasing by comparing ultrafast emission
measurements on a time scale comparable with the residence time of the pump photons in
the medium and much short than the excited-state lifetime to a Monto Carlo simulation of
photon migration and level occupation. The temporal profiles of the emission from
titania particle suspensions in Rhodamine 640 perchlorate dye solution excited by 10-ps
pulses of 527-nm radiation were measured over a wide range of particle and dye




concentrations and laser powers. The dynamics of stimulated emission from random
media is modeled by a random walk of photons within the colloid and rate equations for
molecular excitations. The pulse width and dependence of the threshold for laser action
on dye and scatter concentration are computed by a Monte Carlo simulation of the model
and are found to be in qualitative agreement with experimental measurements. The
temporal pulse profile of emission is found to be a more sensitive indication of the onset
of stimulated emission than the changes in spectral profiles.[see publication #11]

A systematic study of laser action in discrete-disordered condensed media and
continuous disordered animal tissues in optically active dye host was undertaken using
temporal and spectral measurements to support a “feedback mechanism” from the
surrounding scattering walls of the host medium. Significant narrowing of both the
spectral and temporal profiles of emission radiation from optically pumped dyes in
discrete and continuously disordered media such as dilute colloidal dye solutions and
densely-packed form of sandy powders and animal tissue treated with Rhodamine 640
dye solution was observed. The narrowing of the spectral and temporal responses is
attributed to laser action arising from the feedback of the emission radiation from the
surrounding scattering walls into the photoexcited dye regions of the animal and sandy
colloidal disordered media. [see publication #12]

The scientific results obtained from this research deepen our understanding of
light propagation in active random media. These finding can be important to develop new
generation of low threshold or threshold less lasers and high efficient optical LED
displays.
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